Objective: To investigate cross-sectional and longitudinal relationships among exercise, sleep, ghrelin and leptin. Methods: We randomly assigned 173 post-menopausal sedentary overweight (body mass index X24.0 kg/m 2 and 433% body fat) women aged 50-75 years living in western Washington State to either a facility-and home-based moderate-intensity physical activity intervention or a stretching control group. Fasting plasma ghrelin, leptin, measured height, weight and selfreported sleep were assessed at baseline and 12 months. Results: There were no consistent cross-sectional patterns between self-reported sleep measures and ghrelin or leptin at baseline. The weight loss differences between exercisers and stretchers were greater for those who slept less at follow-up than at baseline compared to those whose sleep duration did not change (À3.2 kg, 95% confidence interval (CI) À5.8, À0.5). Improvements in sleep quality were associated with significantly greater differences between exercisers and stretchers for ghrelin increases (improved vs same sleep quality: þ 115 pg/ml, 95% CI þ 25, þ 206) and leptin decreases (improved vs worsened sleep quality: À5.7 ng/ml, 95% CI À9.5, À1.5). Conclusion: There was only limited evidence that changes in sleep duration or quality modified exercise-induced changes in weight, ghrelin or leptin. Moreover, the observed differences were not in the directions hypothesized. Future longitudinal studies including population-based samples using objective measures of sleep and long follow-up may help to clarify these relationships.
Introduction
Average sleep duration has declined over the past 40 years in the US. [1] [2] [3] At the same time, obesity rates have increased dramatically. 4 In addition to increased consumption of energy-dense food and physical inactivity, 5 recent evidence points to sleep deprivation [6] [7] [8] [9] [10] as a possible contributor to the increase in obesity. 4 Studies indicate that sleep may moderate hunger and satiety through hormones including ghrelin and leptin. [7] [8] [9] 11, 12 Ghrelin is a gut-derived peptide that stimulates appetite and increases food intake. 13, 14 Leptin, in contrast, is an adipocyte-derived factor that circulates in proportion to body fat stores and induces satiety in normal-weight persons. 15, 16 Previous studies have indicated that sleep deprivation leads to increases in ghrelin and decreases in leptin, and that these changes are sufficient to affect appetite and hunger. 11, 12 It is not well understood how sleep curtailment might lead to changes in plasma levels of ghrelin and leptin or to changes in body weight. One proposed hypothesis is through changes in hypothalamic control of autonomic nervous system activity, 7 including changes in the balance of cholinergic (parasympathetic) and sympathetic tone, which have been shown to influence leptin and ghrelin secretion. 17, 18 We used data from a randomized trial of moderateintensity physical activity among obese, sedentary postmenopausal women to investigate associations between exercise, sleep, body mass index (BMI), ghrelin, leptin and weight change. First, we examined whether sleep measures were associated with BMI, ghrelin and leptin at baseline. Based on findings from other studies, 11, 12 we expected that participants who reported less sleep, and possibly more restless sleep, or more daytime sleepiness, would have higher plasma ghrelin levels and lower leptin levels. We also hypothesized that the relationship between sleep and BMI would be inverse or U-shaped. 8, 12, 19 Second, we examined whether changes in sleep modified the effects of exercise on changes in weight, ghrelin and leptin during the 12-month trial. We hypothesized that improvements in sleep might lead to greater weight loss, perhaps by influencing satiety and hunger hormones such as ghrelin and leptin; these effects would presumably be stronger among women in the exercise arm. We also hypothesized that exercise-induced decreases in leptin and increases in ghrelin would tend to be greater among those whose sleep worsened compared to those whose sleep stayed the same or improved. To our knowledge, no previous investigations have examined how sleep might modify the associations between weight, ghrelin or leptin changes in individuals randomized to a moderate-intensity physical activity intervention vs a control (stretching) intervention.
Methods

Study population
Participants were post-menopausal women, aged 50-75 years, who were sedentary at baseline, characterized as less than 60 min/week of moderate or vigorous intensity physical activity and maximal oxygen consumptions (VO 2 max) of less than 25.0 ml kg À1 min À1 (Table 1) 20 We obtained written informed consent from participants before enrollment. Eligible women were then block-randomized by BMI (o27.5 vs X27.5 kg/m 2 ) to ensure balance of heavier and lighter women in both study arms, to an exercise intervention (exercisers, n ¼ 87) or a control group (stretchers, n ¼ 86). Five women randomized to the exercise arm did not have complete information on sleep, body weight and ghrelin/ leptin at 12 months, and were excluded from analyses involving 12-month measures. One stretcher did not have body weight measured at 12 months and was excluded from analyses on weight change. Finally, one stretcher had baseline leptin levels that were below the limits of detection (o0.5 ng/ml) and was excluded from all leptin analyses.
Baseline and follow-up measure, including sleep, leptin and ghrelin Participants completed questionnaires before randomization ('baseline') and at 3 and 12 months after randomization, We included the first three items because they are similar to scales of the commonly used Pittsburgh Sleep Quality Index. 24 The last two questions reflect the daytime consequences of night time sleep quality. To calculate sleepchange measures, we compared responses at baseline and 12 months and created variables with three categories, depending on whether individuals reported improved sleep (e.g., longer sleep duration, more sound sleep or less napping), no change, or worsened sleep (e.g., shorter sleep duration, more restless sleep or more napping). We collected morning blood samples after a 12-h overnight fast at the baseline and 3-and 12-month visits. Blood was processed within 1 h of collection, and plasma was aliquoted and stored at À701C. Storage time for plasma samples ranged from 3 months to 3 years, an interval that in our experience does not affect measurements of total ghrelin or leptin levels. The total plasma immunoreactive ghrelin concentration was measured in duplicate with samples that had never been previously thawed, using our modification of a commercial radioimmunoassay (RIA) that employs a polyclonal antibody raised against full-length acylated human ghrelin and 125 I-labeled ghrelin as a tracer (Phoenix Pharmaceuticals, Belmont, CA, USA). This assay detects both acylated and des-acyl ghrelin. Although only acylated ghrelin is bioactive, levels of total ghrelin appear to be a reasonable surrogate for those of the acylated form because the ratio of these measures remains constant under a wide variety of conditions that affect ghrelin. [25] [26] [27] The lower and upper levels of detection for this assay were 80 and 2500 pg/ ml, respectively. The intra-assay coefficient of variation (CV) was 3.5% and the inter-assay CV was 4.9%. Plasma leptin was measured using a commercial RIA with lower and upper detection limits of 0.5 and 100 ng/ml, respectively (Linco Research Inc., St Charles, MO, USA). The intra-assay CV was 8.7% and the inter-assay CV was 11.2%. In each of the hormone assays, all samples (baseline, 3 months and 12 months) from a participant were run in the same batch. Samples were placed into batches such that, within each batch, the number of exercise and control participants was approximately equal, the randomization dates of participants were similar and the sample order was random. Laboratory personnel were blinded to intervention status and were also unaware of which samples belonged to the same woman.
Study interventions
The exercise intervention goals were to perform a minimum of 45 min of moderate-intensity aerobic exercise, 5 days per week for 12 months. During the first 3 months of the intervention, exercisers completed three supervised sessions per week at one of the training facilities, and exercised on their own 2 additional days per week. In months 4 through 12, exercisers performed one to three supervised exercise sessions, and exercised on their own for a total of 5 days per week. The training program started at 40% of maximal heart rate for 16 min/session and gradually increased to 60-75% of maximal heart rate for 45 min/session by week 8. Women maintained this level of exertion and duration for the remainder of the study. Walking and use of a stationary bicycle were the most commonly performed activities. Adherence to the exercise regimen was assessed using daily exercise logs and measurements of cardiopulmonary fitness (VO 2 max, procedure described elsewhere 28 ) at baseline and 12 months. Women randomized to the control group attended a 45-min stretching session once per week for a year, and were asked to not change other exercise habits during the study. Exercisers and stretchers were strictly instructed to maintain their usual diet.
Statistical analyses
In analyses examining cross-sectional associations between baseline sleep and weight, ghrelin and leptin measures, we combined values for exercisers and stretchers. Because distributions were skewed, we log transformed hormone values for analyses, and back transformed them for the tables. Analyses were adjusted for age (weight, ghrelin and leptin) and BMI (ghrelin and leptin only), and additionally for intervention assignment for the 3-and 12-month analyses.
We used linear regression to estimate the difference in 12-month changes in the outcomes of interest (i.e., changes in weight, ghrelin and leptin) between exercisers and stretchers associated with sleep change, after adjusting for age, baseline values of the predictor (the given sleep measure) and baseline values of the outcome of interest (e.g., baseline weight, ghrelin and leptin, respectively). As weight change might be on the causal pathway between exercise and changes in ghrelin or leptin, we conducted analyses both unadjusted and adjusted for baseline weight and weight Physical activity and sleep, ghrelin, leptin and changes in body weight AJ Littman et al change to evaluate how changes in sleep might modify changes in these hormones, beyond any effects caused by weight loss or gain. 29 We also analyzed whether differences across sleep-change categories between exercisers and stretchers were significantly different from each other. Statistical significance was defined as at or below the 0.05 level.
Results
Participants had a mean age of 61 years and 48% had a college or graduate degree; 86% were non-Hispanic white (Table 1) . Baseline demographic and body weight measures in the exercise and stretching groups were similar and have been reported in detail elsewhere. 28 There were no baseline differences in ghrelin, leptin or sleep measures between the groups except frequency of napping, which was greater in the women randomized to stretching (P ¼ 0.03).
There was only borderline evidence that BMI was associated with sleep measures at baseline, and no evidence that ghrelin or leptin levels were associated with sleep. Mean BMIs in women who slept 9 h per night or napped more than once per week were higher than in women who slept 8 or fewer hours per night or napped less frequently (P for trend ¼ 0.06 and 0.08, respectively; Table 2 ). Although ghrelin levels tended to increase with increasing restlessness of sleep (489, 552 and 559 pg/ml for sound/very sound sleep, average and very restless/restless sleep, respectively, P ¼ 0.20), and leptin levels tended to increase with increasing frequency of trouble falling asleep (26.4, 26.9 and 28.9 ng/ml for 0, o1 and X1 time(s) per week, respectively, P ¼ 0.13), these differences were not statistically significant.
The remaining tables and figures present results for the longitudinal analyses. To make these complex results clearer, we will take a moment to orient the reader. In the following analyses, we examine whether changes in sleep modified the effects of exercise on weight, ghrelin and leptin. Our focus is on the interaction between sleep and exercise on these outcomes; both sleep and the outcomes (weight, ghrelin and leptin) involve changes from baseline to 12 months. The comparisons of interest are differences between exercisers One stretcher whose baseline leptin was below the limits of detection (o0.5 ng/ml) was not included in any leptin analyses.
Physical activity and sleep, ghrelin, leptin and changes in body weight AJ Littman et al and stretchers for these changes (e.g., within a given sleepchange category), and furthermore, for the differences in the differences between exercisers and stretchers for these changes (e.g., between sleep-change categories), as well as the trends across sleep changes within an intervention group (e.g., among exercisers or controls, separately). Figure 1 presents our hypothesized results for weight change; hypothesized results for ghrelin are the same. Because we expected that improved sleep might lead to increases in leptin, we reversed the scale on the y axis of Figure 4 so that the hypothesized associations resemble those of weight and ghrelin changes. Figures 2-4 present changes in weight, ghrelin and leptin, respectively, among exercisers and stretchers, with any statistically significant trends noted. Tables 3 and 4 give the differences between exercisers and stretchers for weight, ghrelin and leptin changes by sleepchange categories. Statistically significant differences between levels of a sleep-change measure are noted with superscripts, and the differences are given in the text only.
Overall, stretchers did not gain or lose weight during the trial ( þ 0.1 kg, 95% confidence interval (CI) À0.6, þ 0.8), whereas exercisers lost 1.3 kg (95% CI À2.1, À0.6), resulting in a 1.4 kg difference between the intervention groups (95% CI À2.5, À0.4; Table 3 ). Among stretchers, increased napping was associated with increased weight gain (P for trend ¼ 0.01; Figure 2 ). No other trends among exercisers or stretchers across sleep-change categories were statistically significant.
Compared to those whose sleep duration did not change, the weight-loss difference between exercisers and stretchers was greater among those who slept less at follow-up (less sleep vs same: À3.2 kg, 95% CI À5.8, À0.5; Table 3 ). No other sleepchange measures modified exercise-induced weight changes (data for selected sleep measures are not presented).
Next, we examined exercise-induced changes in ghrelin and leptin, stratified by sleep-change measures (Figures 3 and  4 , and Table 4 ). As we reported previously, 29 ghrelin levels increased during the 12-month period both among exercisers and stretchers. The increase in ghrelin was mainly explained by weight loss. We observed no statistically significant trends for either exercisers or stretchers for any sleep-change measures ( Figure 3 ). Differences between exercisers and stretchers in ghrelin levels were significantly greater ( þ 115 pg/ml, 95% CI þ 25, þ 206) among those who reported improved vs the same sleep quality. Leptin decreased significantly more among exercisers than stretchers (À1.6 ng/ml, 95% CI À3.1, À0.1), although these differences were attenuated after additional adjustment for weight and weight change (À0.7 ng/ml, 95% CI À2.0, þ 0.7). Among exercisers only, leptin increased with decreasing sleep duration or worsening sleep quality (P for trend p0.01; Figure 4 ). Exercise-induced decreases in leptin were greater among women whose sleep duration increased compared to decreased (À4.2, 95% CI À8.1, À0.2; P for trend ¼ 0.02). Differences between exercisers and stretchers in leptin levels Physical activity and sleep, ghrelin, leptin and changes in body weight AJ Littman et al were significantly less (À5.7 ng/ml, 95% CI À9.5, À1.5) among those who reported improved sleep quality compared to those with worsened sleep quality. Leptin decreases were also significantly greater for decreases or increases in daytime sleepiness, as measured by falling asleep during quiet activities (less vs same: À3.6 ng/ml, 95% CI À7.2, 0.0) and frequency of napping (more vs same: À3.8 ng/ml, 95% CI À7.4, À0.3). After adjustment for weight and weight change, results, however, were no longer statistically significant.
Discussion
In the cross-sectional analyses, there were no consistent associations between self-reported sleep measures and ghrelin or leptin and only a weak and nonsignificant positive association between sleep duration or napping and BMI. In the longitudinal analyses, we hypothesized that improved sleep might increase weight loss and attenuate exerciseinduced increases in ghrelin and decreases in leptin (Figure 1) . A finding such as this might suggest a damping of the compensatory metabolic mechanisms that lead to weight regain after weight loss. Nevertheless, despite these plausible hypotheses, changes in sleep were not strongly associated with changes in weight, ghrelin and leptin, and observed trends were typically in the direction opposite to our hypotheses. Specifically, the weight-loss difference Physical activity and sleep, ghrelin, leptin and changes in body weight AJ Littman et al between exercisers and stretchers was greater for those who slept less at follow-up than at baseline compared to those whose sleep duration did not change. Similarly, ghrelin levels increased significantly more and leptin levels decreased more among those who reported improved sleep quality compared to those with the same or worsened sleep quality. When we examined sleep quality and duration together, the basic pattern of findings did not change (data not presented). These findings might be explained by the fact that exercise was much more predictive of weight, ghrelin and leptin changes, than was sleep. There was a positive correlation between fitness increases and sleep improvements in exercisers (r ¼ 0.27 for sleep duration and r ¼ 0.33 for sleep quality, both Pp0.02), with no association in stretchers, suggesting that sleep improvements might effectively be a proxy for exercise adherence. We also considered baseline sleep duration, sleep quality and a variable combining duration and quality as predictors of our outcomes. Exercise-induced weight loss was greatest among those who slept p6 h per night (exercisers vs stretchers: À2.8 kg, 95% CI À5.0, À0.6) or reported poor sleep quality (À3.6, 95% CI À7.2, þ 0.1) or, when combined, short duration but good quality (À7.3 kg, 95% CI À11.2, À3.3). These differences appeared to be caused by greater weight gain in stretchers with these sleep patterns (e.g., short sleep duration and poor quality or short sleep and good quality), rather than simply by greater weight loss in exercisers with these sleep patterns. There were no statistically significant differences in ghrelin change between exercisers and stretchers for any baseline sleep duration or quality measure, nor were there any statistically significant differences in ghrelin changes across any sleep duration or quality measures. Leptin decreased significantly more in exercisers who slept 7 h per night (À3.0 pg/ml, 95% CI À5.7, À0.3) and who reported very restless/restless sleep quality at baseline (À5.5 ng/ml, 95% CI À10.8, À0.3), again, mainly because leptin increased the most among stretchers with these sleep patterns. Regardless, there were no significant differences in leptin changes across categories of sleep duration, quality or the combination. These findings are generally the reverse of the sleep-change findings (where exercise-induced decreases in leptin were greater among women with improved sleep quality compared to those with worsened sleep quality). This is in part because poor sleep quality at baseline could only stay the same or improve, but could not worsen.
To our knowledge, no previous study has examined whether sleep modifies the effect of exercise on weight, ghrelin or leptin. However, several studies have evaluated associations between sleep and ghrelin and leptin levels independent of exercise. A recent study investigated whether partial sleep curtailment (4 vs 10 h) for two consecutive nights altered ghrelin and leptin levels in 12 young men (mean age 22 years) using an experimental design. 11 Sleep deprivation was associated with a 28% mean increase in ghrelin (Po0.05) and an 18% mean decrease in leptin Five exercisers have no follow-up data on sleep and/or ghrelin or leptin. One stretcher whose baseline leptin was below the limits of detection (o0.5 ng/ml) was not included in any leptin analyses.
c,d,e Categories with different superscripts are statistically significantly different from each other (Po0.05).
f P for trendo0.01.
Physical activity and sleep, ghrelin, leptin and changes in body weight AJ Littman et al (P ¼ 0.04) and led to increases in hunger and appetite. However, owing to the short duration of the trial, the investigators could not evaluate weight changes associated with sleep deprivation. 11 A notable difference between that study and the present one is that the investigators studied extremes of sleep duration (4 vs 10 h), whereas the current study had few individuals at the extremes or making large changes from baseline to follow-up. Specifically, of those whose sleep duration changed, only 9% increased or decreased by more than 1 h. In addition, it is unclear whether the biologic effects of sleep deprivation seen in healthy normal-weight young men would be the same as those in overweight, sedentary post-menopausal women.
In an observational study of 1024 men and women 30-60 years old (mean 52.7 years), Taheri et al.
12 evaluated crosssectional relationships between objectively measured sleep duration and levels of leptin and ghrelin, as well as other hormones and lipid profiles. Short sleep (defined as o6 h per night), as measured by polysomnography, was positively associated with ghrelin, but not leptin. Conversely, sleep as measured by questionnaire was inversely associated with leptin, but not ghrelin. Based on regression models, the authors estimated that reducing sleep from 8 to 5 h per night would be associated with a 15.5% decrease in leptin and a 14.9% increase in ghrelin. Besides having objectively measured sleep, other key differences between that study and the present one are that that study had a sample size over five times as large, including men and individuals under 50 years of age, with more subjects in the 'restricted-sleep' range.
12
Numerous other studies have observed a linear or Ushaped curve between sleep and BMI in adults and children, 6, 8, 10, [30] [31] [32] [33] [34] such that BMIs tended to increase with decreasing sleep duration, with some studies also finding higher mean BMIs among those sleeping the most hours per night. 8, 19 To our knowledge, only two studies have used a longitudinal study design. 8, 19 With a cross-sectional design, it is unclear whether shorter sleep leads to weight gain and obesity or whether obesity and weight gain predispose to shorter sleep. Despite the longitudinal nature of the current data, it is nevertheless unclear whether sleep changes associated with weight change caused, or were caused by, the weight change. To determine this, a trial with a sleep intervention would be required. Nonetheless, there is accumulating evidence that sleep may be a potentially important behavioral factor involved in weight gain and obesity, but the relationships are not straightforward or simple. Several other limitations of our study should be mentioned. It is unclear how sleeping less relates to sleep quality or deprivation, as the report of shortened sleep time could be representative of either less sleep or more consolidated sleep, the former indicative of sleep deprivation, the latter, not. Furthermore, data on sleep were collected via self-report, not measured objectively by actigraphy or polysomnography. Although there is some relationship between self-reported sleep patterns and objective measures, 24, 35 the two measurement strategies may assess different aspects of sleep. 36 In any case, it is likely that misclassification of sleep would be nondifferential in relation to outcomes and exercise group, so this would most plausibly attenuate results. In addition, because this study involved six different sleep measures, and three different outcomes, multiple comparisons and type I errors (error of rejecting a true null hypothesis) are a concern. Consequently, caution must be exercised in interpreting observed associations. All women in the current study were sedentary and overweight or obese. If associations of interest vary by BMI, adiposity or even duration of excess adiposity or high BMI, the nature of the study population limited our ability to examine them. An additional limitation is that the exercise intervention led to only small changes in our outcomes of interest. Particularly for weight and ghrelin changes, we had limited power to detect associations. Finally, as studies indicate that ghrelin and leptin levels are responsive to acute changes in sleep, it is unclear whether a single morning fasting sample would closely reflect usual hormone levels over the previous month. 11 However, we have previously shown that a single morning fasting sample correlates very well with 24-h profiles for plasma ghrelin; 37 thus it is likely that it is also correlated with ghrelin levels over the previous month. Two strengths of this study were its randomized-controlled-trial design and its excellent subject adherence and retention. Furthermore, body weight was objectively measured, avoiding possible biases introduced by self-report.
In conclusion, self-reported sleep was not associated crosssectionally with ghrelin or leptin. Furthermore, in this sample of overweight and obese post-menopausal women, sleep improvements did not cause greater weight loss in exercisers, nor did they moderate exercise-induced increases in ghrelin or decreases in leptin. Although our findings with baseline sleep are far from definitive, they are intriguing, and beg the question of whether exercise can ameliorate weight gain in women with sleep problems. Future longitudinal studies that include a population-based sample, employing objective measures of sleep and a long follow-up, may help to clarify these relationships.
